The conditions for reuse of the Macronet MN 200 by removing the metal complex dye Lanasyn Navy M-DNL (LnCr) from water solutions have been investigated. The Macronet MN 200 loaded with the LnCr dye has been regenerated using alcohols (methanol, ethanol and 2-propanol) in batch and column experiments. The FTIR spectrum of the Macronet MN 200 loaded with the LnCr dye confirmed physical interactions between the LnCr anion and Macronet MN 200 involving π-π and electrostatic bonds. In the batch experiments the desorption efficiency of LnCr dye depends on the solid/liquid ratio (S/L, g/mL), molecular mass of alcohol and duration of desorption. The LnCr dye has been desorbed most efficiently after 10 min at S/L = 0.033, while the desorption efficiency decreases with the increase of alcohol molecular weight: methanol > ethanol > 2-propanol. The rates of desorption were quantified using second-order (k 2 ), pore diffusion (D/r 2 ) and intraparticle diffusion (k i ) models. The column test results showed that the regeneration efficiency of MN 200 loaded with the LnCr dye (R e ) using methanol with repeated adsorption/desorption cycles decreased but seems to be stabilized to 70% after 3 cycles. A very high LnCr dye concentration in methanol (about 4 g/L) has been obtained within the first 2 alcohol bed volumes and the LnCr dye has been completely desorbed back to the solution with 10 alcohol bed volumes.
INTRODUCTION
Metal complex azo dyes used for dyeing of carpets, wool, polyamide, nylon, polyester fiber as well as for anodizing industry often pose environment problems arising from inadequately treated wastewater discharged into environmental water bodies [1, 2] . This is related to the discharged coloured water and to the hazardous carcinogenic properties of heavy metals and amines formed by reductive cleavage of azo groups of dyes [3] [4] [5] . Therefore, a complete removal of these hazardous dyes from wastewaters is necessary [6, 7] . This is most commonly achieved by using the sorption method.
Activated carbon is widely used as an adsorbent due to its high surface area and high adsorption capacity. Adsorption on activated carbon of cationic and anionic dyes, acid and reactive dyes has been investigated by a number of researchers [8] [9] [10] [11] [12] . There are some problems using activated carbon, e.g. high regeneration costs and production of fines due to the brittle nature [13] . One of the possibilities to overcome this problem is the use of improved synthetic porous polymeric adsorbents, especially with a hypercrosslinked structure. Because of their higher physicochemical stabilities and better regeneration properties, these have been commercialized as alternatives to activated carbon [14] .
The sorbents with a hypercrosslinked structure, including the family of Macronet and PuroSorb from Purolite, provide macroporosity and microporosity at the same time. This means to have a control on the pore size and relatively high surface areas (1000-2000 m 2 g -1 ). Moreover, they will retain their swollen-state porosity and, hence, show little or no change in swelling with change of the permeating liquid, unlike the conventional porous polymeric sorbents [15, 16] . It should be mentioned that hypercrosslinked sorbents contain by-product residues of the crosslinking reaction as oxygen-and chlorine-containing functional groups, which increase the surface polarity and hydrophilicity, and may enhance the sorption of polar sorbates [17] .
The study on the reusability and regeneration of the sorbent receives a special scientific consideration caused by practical and environmental interests. For these reasons, innovative technologies are being developed concerned with not only the economy and efficiency of regeneration but also its environmental consequences. In the case of dyes, a financially beneficial adsorption process requires as much as possible removal of dye per unit of adsorbent mass. This can be achieved through successive adsorption-desorption steps [18, 19] . Furthermore, desorption strongly influences the techno-economical value of the adsorption process. Regeneration attempts to remove dyes retained on adsorbent surfaces to restore the adsorptive capacity without modifying porosity or causing adsorbent mass losses. By this way, regeneration produces valuable products and avoids contamination. Moreover, desorption study often helps to clarify the nature of the adsorption and recycling of the dye-saturated adsorbent [20] .
For the efficient dye recovery from nonfunctionalized Macronet and PuroSorb resins it is suggested to use various alcohols as regenerants [21] . Alcohols or acetone are usually preferred as regenerants since they increase the solubility of the dye molecule into the regenerant/eluent and are safer to use than other organic solvents. The regeneration of the nonfunctionalized Macronet 200 and weakly basic Macronet 300 sorbents saturated with azo dye Acid Red 14 was evaluated using sodium hydroxide aqueous solutions and mixtures of ethanol and acetone with water (50:50) [22] . It was concluded that the use of organic solvents provides a more efficient desorption. The whole amount of Acid Red 14 was completely eluted from MN200 and close to 80% from MN 300. Partial elution of MN 300 resins was associated to the role of anion exchange groups in MN 300. For the nonfunctionalized polymeric sorbents Amberlite XAD 1180 saturated with C. I. Basic Blue 3 the most effective eluants were obtained: 1 M HCl in 90% methanol as well as 90% methanol [23] .
This study presents the desorption test of the Lanasyn Navy M-DNL dye (LnCr) from the hypercrosslinked nonfunctionalized Macronet MN 200 using alcohols. In desorption kinetic studies, pseudo-second order, pore diffusion and intraparticle diffusion models were applied. The possibility of the reuse of Macronet MN 200 to remove the LnCr was also evaluated. Table 1 . Samples were conditioned in methanol-hydrochloric acid mixtures and finally in water before being used on the sorption and desorption experiments.
EXPERIMENTAL

Materials
The tested chromium complex dye (LnCr) was the commercial textile dye anionic Lanasyn Navy M-DNL: the structure Lanasyn Navy M-DNL (1:2 chromium monoazo complex (trisodium bis [3- hydroxy-[(2-hydroxy-1-naphthyl)azo]naphthalene-1-sulphonato(3-)]chromate(3-)); the molecular mass 834 g/mol; λ max 616 nm (Fig. 1) . It was obtained from Clariant Product AG (Schwitzerland). An accurately weighted quantity of the dye was dissolved in deionized water to prepare a stock solution. Experimental solutions of the desired concentrations were obtained by successive dilutions.
The solutions used for regeneration were 99.7% methanol (M r = 32.04), 95% ethanol (M r = 46.07) and 99.52% propanol (M r = 60.1) (Sigma-Aldrich International GmbH).
Batch experiments
The potential of alcohol in the desorption of dye was expressed in terms of desorption capacity q des (mg/g) and desorption efficiency D (%) which are given by Eqs. (1) and (2):
Here C des is the concentration of a dye ion in alcohol after desorption (mg/L), V is the volume of alcohol(L), m is the mass of a dye-loaded sorbent (g) and q ads is the loaded sorbent capacity (mg/g). After 1 h, the samples were centrifuged and the residual concentration of dye in the solution was ascertained by a UV-Vis Spectrometer Cintra 101 (GBS Scientific Equipment (USA) LLS) at the respective λ max value, which is 616 nm for this dye. The dye concentration was calculated from the calibration curve.
The residual colour, Res (%), was calculated by comparing the absorption (A) of the treated sample with a reference treated identically, but without a sorbent:
This was necessary because the molar extinction coefficient of the dyes changes with pH.
Residual concentrations were calculated by multiplying the residual colour with the original concentration
where C 0 (mg/L) is the initial concentration and C (mg/L) is the residual concentration of the dye. The sorption capacity of the sorbent (q ads , mg/g) or the desorption capacity (q des , mg/g) is calculated as follows: The separated MN 200 particles were added to 250 mL glass-flasks, filled with 15 mL of the corresponding alcohol and then shaken for 1 h at 150 rpm for dye desorption. After filtration, the dye concentrations in the solutions were measured to calculate the amount of the dye in the MN 200.
The infrared spectra of the unloaded and dyeloaded MN 200 were obtained by use of a Fourier transform infrared (FTIR) spectrometer (PerkinElmer Instruments) in the range 4000-650 cm -1 . Before that the MN 200 samples unloaded and dyeloaded (under the batch experimental conditions) were dried during 4 h at 40°C in a convectional drier and were held in a vacuum-desiccator over freshly calcinated calcium chloride.
Repetitive measurements yielded the reproducibility at the mean relative deviation -d/-x 100% £ 2 and the standard relative deviation s/-x 100% £ 2.5.
Column experiments
The column experiments were performed in a 1-cm diameter column filled with 8 mL of swollen MN 200. The dye solutions were passed through the MN 200 bed at a volume velocity of 1 mL/cm 2 min (linear flow velocity 1.7 · 10 -4 m/s). The samples were automatically taken from the effluent at preset time intervals for determination of the effluent concentration.
The saturated column was then regenerated with methanol, followed by washing with deionized water for the next adsorption cycle. In the column tests, the effluent samples were collected and the LnCr concentration was measured. The MN 200 capacity in each cycle was calculated from the breakthrough curve up to C/C 0 = 0.5 and the regeneration efficiency (R e ) was calculated according to the following equation
where q 0 (mg/g) and q i (mg/g) are the fresh column capacity and the regenerated column capacity (mg/g), respectively.
RESULTS AND DISCUSSION
Characterization of the adsorption nature of LnCr dye on Macronet MN 200
The comparison of measured FTIR spectra of the LnCr dye (Fig. 2) , unloaded and LnCr dye-loaded at pH = 2 Macronet MN 200 (Fig. 3) , revealed the nature of LnCr dye adsorption on Macronet MN-200. The wave numbers for the dominant peak from the FTIR spectra are presented in (corresponding to matrix C-N groups), medium intensity at 1419 cm -1 (corresponding to matrix C=C groups), medium intensities at 1578 and 1553 cm -1 (corresponding to matrix N=N groups), medium intensities at 1289 and 1340 cm -1 (corresponding to matrix N-N groups), with mean intensity at 1140 cm -1 (corresponding to matrix C-O-groups) and medium intensity at 1048 cm Table 2 , Fig. 3b ). Hence the LnCr dye adsorption on Macronet MN 200 proceeds by physical sorption involving the π-π interaction and the electrostatic interactions involving LnCr dye anions. The polymer matrix of MN200 is hydrophobic, but the presence of carbonyl and alkyl aryl ether on the polymer structure proved a partial hydrophilic character that favoured the sorption of dye anions.
LnCr dye desorption in batch experiments
The sorption behaviour of the LnCr dye from an aqueous solution onto Macronet MN 200 as an activated carbon AC alternative was investigated under various experimental conditions [25, 26] . The adsorption capacity of Macronet MN 200 for the LnCr dye was found to be relatively higher than that for AC in both acidic and neutral solutions. However, desorption of the MN-200 loaded with the LnCr dye becomes economically affordable because it does not only regenerate an adsorbent, but also can return the dye back into the dyeing process.
Due to the effectiveness of desorption of activated carbons from the dye by alcohols [19, 27] and the recommendation for MN 200 [21] we chose alcohols with different molecular sizes: methanol, ethanol and 2-propanol for desorption of the LnCr dye from the loaded MN 200.
As shows Fig. 4 , the desorption efficiency depended on the alcohol molecular mass and on the amount of the dye adsorbed on MN 200. The desorption efficiency decreases with an increase of alcohol molecular mass: methanol (M r = 32) > ethanol (M r = 46) > 2-propanol (M r = 60). This is because a smaller molecule can penetrate into the pores of MN 200 and displaces the LnCr dye more easily [28] . Meanwhile, a higher desorption efficiency is obtainable if MN 200 was more loaded with the LnCr dye. It was established that the LnCr desorption efficiency can be increased by gradually adding of three 15 mL alcohol portions successively. It allows the desorption efficiency to increase up to 66.8% using methanol, 77.7% using ethanol and 48.3% using 2-prophanol. Therefore, the LnCr dye desorption efficiency must be tested in the column experiment.
The calculated second-order kinetic parameters for adsorption and desorption of the LnCr dye are given in Table 4 . The calculated correlation coefficients (R 2 ) for adsorption as well as for desorption have considerable values for the pseudo-second-order kinetic model, which confirms a good compliance of the former model with the experimental data.
The pseudo-second-order rate constant k 2 for LnCr dye desorption from MN 200 was 7.8 times higher than k 2 for LnCr dye adsorption because LnCr dissolves in alcohol better than in water, but the amount of the desorbed LnCr dye is 2.3 times lower.
The surface area and pore size distribution of the Macronet MN 200 significantly influenced the adsorption-desorption capacity and kinetics (Fig. 4) . Macronet MN 200 is characterized by a very high pore area of 697.17 m 2 /g with an average pore diameter of 5.19 nm, including macropores and mezopores 72 nm in size and micropores 1.6 nm in size [34] . It is assumed that the size of dye molecules usually is in a range of 1-2 nm, whereas the size of alcohol molecules is considerably smaller (methanol molecule size is 0.36 nm). Consequently, the diffusion of a large LnCr dye molecule into MN 200 macropores and micropores must be different.
The diffusion is described in terms of the occurring processes: diffusion of the adsorbate/desorbate in the liquid, adsorption or desorption between the liquid and solid phases, and surface diffusion of the adsorbate/desorbate. To obtain a deep understanding on the characteristics of the desorption process pore diffusion and intraparticle diffusion models were applied to fit to the experimental data. The diffusivity rate (D/r 2 ) used in the pore diffusion model equation is valid for a short time when the concentration of the regenerating solution remains essentially unchanged ( Table 4 ). The pore model linear plots for regenerating alcohols are presented in Fig. 6 and the obtained pore model parameters are given in Table 5 .
It can be seen from Table 5 that the diffusivity decreases like the desorption efficiency with an increase of alcohol molecular weight (Fig. 4) : methanol (MW = 32) > ethanol (MW = 46) > 2-propanol (MW = 60). That confirmed that a smaller molecule can penetrate into the pores of MN 200 and displaces the LnCr dye more easily.
Fig. 5. Effect of S/L on the desorption efficiencies of the LnCr dye from MN 200
Desorption kinetic rate and diffusion constants Desorption can be described as breaking of the surface bonds that bind the adsorbate molecule. In order to quantify the rates of desorption obtained in the Macronet MN 200 desorption experiments, it was necessary to ascertain a suitable desorption kinetic model. On the assumption that the amount of alcohol diffused into pores of MN 200 is equal to that of LnCr dye diffused from pores into the solution, the experimental data were analysed using pseudo-second-order [29, 30] , pore diffusion [31] and intraparticle diffusion [32, 33] models. The linear forms of the applicable kinetic model equation are given in Table 3 . The intraparticle diffusion rate constant k i = slope The boundary layer thickness B = intercept The effect of the MN 200 pore size on desorption efficiency has been studied using the intraparticle diffusion model. According to the above-mentioned intraparticle diffusion model the plot of q t versus the square root of time (t 0.5 ) would be linear if intraparticle diffusion was involved in the desorption process, and if these lines passed through the origin, intraparticle diffusion would be the rate determining step [33] . However, the plots obtained for LnCr dye desorption from MN 200 show two different linearity profiles with different slopes (k i-1 and k i-2 ) (Fig. 7) suggesting that the intraparticle diffusion is not the rate limiting step for the whole process. The rate constants for the intraparticle diffusion values k i-1 and k i-2 are presented in Table 6 .
The first steep linear portion of plots q t against t 0.5 can be attributed to the diffusion of LnCr through the solution from the external surface of resin and from macropores and mezopores (intraparticle diffusion rate constant k i-1 ). The second section is the gradual desorption stage, where intraparticle diffusion is rate controlled (intraparticle diffusion rate constant k i-2 ) [34] . The larger slopes of the first sharp linear portion (k i-1 ) indicate that the rate of LnCr dye desorption is higher at the initial stage due to the instantaneous availability of a large surface area. The lower slopes of the second linear portion (k i-2 ) are due to the long LnCr dye diffusion from the micro pores of MN 200, thus leading to a low dye removal rate. The values of intercept B indirectly represent the boundary layer effect [35] . Thus, the larger value of the intercept B 2 than that of B 1 obtained for MN 200 shows a more pronounced effect on the intraparticle diffusion stage that controls the desorption rate (Table 6 ).
LnCr dye desorption in column experiments
Adsorption-desorption experiments in the column were performed to test the MN 200 adsorption capacity after regeneration with methanol.
A typical breakthrough curve for the 83.4 mg/l LnCr dye feed concentration (C f ) and the desorption curve by methanol are shown in Fig. 8 . The bed adsorption capacity can be calculated from the adsorption breakthrough curve shown in Fig. 8a . As show Fig. 8b and Fig. 9 , a very high dye concentration about 4 g/L was obtained within the first The regeneration efficiency of LnCr dye-loaded MN 200 (R e ) using methanol with repeated adsorption desorption cycles decreased but seems to be stabilized after 3 cycles to R e = 70%. The reason of the adsorption capacity decrease of the regenerated MN 200 column can be that methanol cannot completely substitute LnCr dye anions adsorbed through the electrostatic interaction. Another reason may be that methanol molecules occupied the MN 200 surface sites that become unavailable for the LnCr dye adsorption in the next cycle. Similar observations were published in literature [27, 36] .
After the regeneration of adsorbents, the used solvent containing the adsorbate was distilled and the solvent was used again for regeneration. This is a typical process of solvent regeneration.
CONCLUSIONS
A series of batch and column experiments were performed to desorb the LnCr metal complex dye using various alcohols from the nonfunctional Macronet MN 200. The batch desorption results show decreases in the desorption efficiency with a solid/liquid ratio S/L decrease and with an increase of molecular weight (methanol > ethanol > 2-propanol). The desorption rate has been assessed by pseudo-second order, pore diffusion and intraparticle diffusion models. The adsorption capacities of the Macronet MN 200 bed after the repeated 3 adsorption-desorption cycles dropped to 70% of their initial capacity. 
